Aquaporins mediate the movement of water across biomembranes. Arabidopsis thaliana contains 35 aquaporins that belong to four subfamilies (PIP, TIP, SIP, and NIP). We investigated their expression profiles immunochemically in suspension-cultured Arabidopsis thaliana cells during growth and in response to salt and osmotic stresses. Protein amounts of all aquaporins were much lower in cultured cells than in the plant tissues. This is consistent with the low water permeability of protoplasts from cultured cells. After treatment with NaCl, the protein amounts of PIP2;1, PIP2;2, and PIP2;3 in the cells increased several-fold, and those of TIP1;1 and TIP1;2, 15-and 3-fold respectively. PIP1 did not change under the stress. Cell death began after 19 d in culture, accompanied by marked accumulation of PIPs and TIPs and a gradual decrease in SIPs. Our results suggest the followings: (i) Accumulation of aquaporin isoforms was individually regulated at low levels in single cells. (ii) At least PIP2;2, PIP2;3, TIP1;1, and TIP1;2 are stress-responsive aquaporins in suspension cells. (iii) A sudden increment of several members of PIP2 and TIP1 subfamilies might be related to cell death.
Aquaporins are membrane proteins that facilitate water transport across the membranes of various organisms in an osmotic dependent manner. 1, 2) In plants, aquaporins are thought to be involved in plant growth and water relations. [3] [4] [5] Analysis of genomes has revealed that plants have many aquaporin genes, viz., Arabidopsis thaliana (35 genes), 6) Zea mays (33 members), 7) and Oryza sativa (33 members). 8) Plant aquaporins are divided into four subfamilies based on their primary sequences: plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic proteins (NIPs), and small basic intrinsic proteins (SIPs). 3, 4) All aquaporins in plants have molecular masses in the range of 23-30 kDa and are present in the membrane as stable tetramers. Expression in Xenopus laevis oocytes 9, 10) or Saccharomyces cerevisiae 8, 11, 12) has revealed that several members of the plant aquaporin family have a certain degree of channel activity for water and/or glycerol.
Earlier reports on land plants showed that the PIP and TIP proteins account for a high percentage of the plasma and vacuolar membranes respectively. 5, 13, 14) The PIP subfamily is divided into two subgroups, PIP1 and PIP2, which have specific arrays of amino acids at the N-and C-termini. 15) Most members of the PIP2 subgroup have been found to be constitutively active water channels, while the water channel activity of the members of the PIP1 subgroup was low or negligible.
11) Some reports pointed out that some members of the PIP subfamily can also be permeable to a variety of other compounds, such as CO 2 . 4, 16, 17) Also, PIP members have been reported to be functionally regulated by phosphorylation. 18, 19) The TIP subfamily is divided into at least five subgroups: TIP1 ( type), TIP2 ( type), TIP3 ( type), TIP4, and TIP5. 7, 8) Three SIP members of Arabidopsis have recently found on the ER membranes: viz., SIP1;1 and SIP1;2, having water channel activity, and SIP2;1, with no activity, 12) although their physiological meaning is still unknown.
Several aquaporins are expressed and accumulated in specific plant cells. 3, 4, 12) For example, PIPs accumulate in cells around vascular bundles of taproots, stems, and petioles 20, 21) and the inner cortical cells of soybean root nodules. 22) Furthermore, some aquaporins such as TIP1 isoforms exist throughout the tissues. 21) These isoforms have different activity with respect to water transport and their expression is differently regulated. Therefore, several different aquaporin isoforms might coexist in the same membrane and have different roles.
In this study, we examined aquaporin isoforms in uniform cells using suspension-cultured cells of Arabi- 
Materials and Methods
Plant materials and growth conditions. T87 suspension-cultured cells developed from whole seedlings of Arabidopsis (Columbia ecotype) 23) were used. The cells were supplied by the RIKEN Bio Resource Center (Tsukuba, Japan) and cultured at 22 C in the dark with constant agitation (120 rpm). Cells were subcultured every 7 to 10 d by adding 3 ml of cell suspension to a 300-ml flask containing 100 ml of JPL medium. 23) Surface-sterilized seeds of Arabidopsis (Columbia ecotype) were germinated under sterile conditions on Murashige-Skoog salt plates containing 2.3 mM MES-KOH (pH 5.8), 2% sucrose, and 0.3% Gellan gum. Seedlings grown for 2 weeks were transferred to vermiculite soil and then grown under a 16 h-light/8 hdark cycle at 22 C.
Quantification of DNA. T87 suspension-cultured cells of Arabidopsis were treated in a maceration buffer to generate protoplasts for 80 min at 25 C. The protoplasts obtained were homogenized using a Teflon tissue grinder. The maceration buffer contained 0.4 M mannitol, 5 mM EGTA, 1% cellulase Onozuka RS, and 0.05% pectolyase Y23. Total DNA was labeled with fluorescent dye Hoechst 33258, and then DNA specific fluorescence (excitation, 365 nm; emission, 460 nm) was measured with a RF-5300PC fluorescence spectrophotometer (Shimadzu, Kyoto, Japan).
Membrane preparation. Suspension-cultured cells, trapped on nylon mesh (pore size, 80 mm; Millipore), were homogenized with glass beads (diameter, 0.5-0.7 mm) in homogenizing buffer containing 50 mM TrisHCl (pH 8.0), 250 mM sorbitol, 10 mM EDTA, 4 mM dithiothreitol, 0.1% 2-mercaptoethanol, and 100 mM p-(amidinophenyl)methanesulfonyl fluoride hydrochloride in 2-ml tubes equipped with multi-beads shocker MB200 (Yasui Kikai, Oosaka, Japan). Rosette leaves, cauline leaves, stems, flowers, and siliques were harvested from 6-week-old plants. Roots were collected from 3-week-old plants grown on a sterile MS plate. They were homogenized using a pestle and mortar in homogenizing buffer. Homogenate of tissue or cultured cells was filtered through two layers of Miracloth (EMD Biosciences, Darmstadt, Germany) or a single layer of nylon mesh (size, 40 mm) and centrifuged at 10;000 Â g for 10 min. The supernatant was centrifuged at 100;000 Â g for 30 min. The precipitate obtained was suspended in the homogenizing buffer. These crude membranes were used for immunoblotting. To prepare the plasma-membrane-or vacuole-membrane-rich fractions, we further separated crude membranes by sucrose density gradient centrifugation (20-45% w/w).
Protoplast preparation and osmotic swelling observation. Cells in culture for 9 d were incubated in an enzyme solution containing 1% (w/v) cellulase Onozuka RS, 0.05% (w/v) pectolyase Y23, 0.4 M mannitol, 5 mM EGTA, and 5 mM MES-KOH, pH 5.7, for 80 min at 30 C under gentle agitation to prepare protoplasts, and then passed through a nylon mesh (size, 80 mm). Mesophyll tissue of rosette leaves was chopped with a razor blade and incubated in an enzyme solution. The enzyme solution contained 1% (w/v) cellulase Onozuka RS, 0.25% (w/v) macerozyme R10, 0.4 M mannitol, and 10 mM MES-KOH, pH 5.7. After incubation for 60 min at 30 C under gentle agitation to prepare the protoplasts, they were passed through a nylon mesh. The swelling rate of the protoplasts was measured by monitoring their diameter in the external mannitol solution at different concentrations. The external solution was exchanged with a hypertonic, hypotonic, or isotonic buffer by perfusion on the plastic slide plate 24) under a microscope. The mannitol solutions contained 1 mM EDTA and 10 mM MES-KOH, pH 5.7. The protoplasts were viewed with BX51 microscope (Olympus, Tokyo, Japan) and recorded with a charge-coupled device (CCD) camera (DP70, Olympus).
Preparation of isoform-specific antibodies and immunoblotting. For antibody preparation, we synthesized peptides that correspond to the N-terminal parts of AtTIP1;1 (MPIRNIAIGRPDEATRPDAL) and the Cterminal part of AtTIP1;2 (INQNGHEQLPTTDY). Peptides of proton pumps, the vacuolar H þ -ATPase subunit A (VHA-A, At1g78900, position 480-495, TKAREVLQREDDLNEI), the vacuolar H þ -ATPase subunit c (VHA-c, At4g38920, position 76-90, STG-INPKAKSYYLFD), vacuolar H þ -PPase (At1g15690, position 257-273, DLVGKIERNIPEDDPRN), and type II H þ -PPase (AB034696, 20-34, RAFPNMRSKTYS-PLI-C) were synthesized. These peptides were linked with keyhole limpet hemocyanin, which was used as a carrier protein, and injected into rabbits. The peptide and antibodies were prepared by Operon Biotechnology (Tokyo, Japan). The antiserum was used for immunoblotting. Anti-peptide antibodies to all isoforms of AtPIP1, 20) AtPIP2;1, 20) AtPIP2;2/2;3, 11) AtSIP1s, and AtSIP2;1, 12) vacuolar H þ -ATPase subunit a (AtVHAa), 25) and plasma membrane H þ -ATPase (AHA) 25) were prepared previously. Sample proteins were separated by SDS-PAGE, and transferred to Immobilon-P membranes (Millipore, Bedford, MA, USA). After blocking with 4% de-fatted milk, the membrane filter was incubated with primary antibody and then with horseradish peroxidase-coupled protein A. Antigens were visualized with chemiluminescent reagents ECL (Amersham Biosciences, Piscataway, USA) or Super signal (Pierce, Rockford, IL, USA).
Results

Growth profiles of Arabidopsis suspension-cultured cells
In this study, we examined aquaporin isoforms in the uniform cells of Arabidopsis. Figure 1 shows the growth profiles of Arabidopsis T87 cells. Cells grew exponentially from day 3 to day 12, and then the total cell weight and DNA amount per culture medium decreased after 15 d (Fig. 1, A and B) . Relative cell weight on the basis of DNA increased during cultivation with a 6-d lag phase and a shoulder on day 12 (Fig. 1C) . Cells at the exponential phase are spherical and cytosol rich. In contrast to these cells, cells on day 21 had an amorphous shape that was accompanied by an extremely enlarged central vacuole, thin layer of the cytosol, and thick cell wall (Fig. 2D) . Cell size increased from 32 mm (day 3) to 42 mm (day 21) as shown in Fig. 2E . Therefore, the increase in cell size might reflect the change in relative cell weight on the basis of DNA. It should be noted that sucrose concentration in the medium was markedly decreased after 15 days. The cells could no longer divide or grow normally after a long time in culture, probably due to an accumulation of undesirable products in the culture media along with depletion of nutrients. These results suggest that cell death might initiate in old cells after the exponential growth phase.
Accumulation of aquaporin isoforms in cultured cells
To quantify aquaporin proteins accumulated in cultured cells, we prepared several anti-peptide antibodies for each isoform of Arabidopsis TIP, PIP, and SIP. Each antibody reacted specifically with the corresponding isoform or member of the same subfamily. The anti-PIP1 antibody recognized some isoforms in the PIP1 subgroup, 20) and the antibody to PIP2;2/2;3 reacted with both isoforms PIP2;2 and PIP2;3.
11) By using recombinant proteins, the anti-SIP1s antibody has been shown to react with SIP1;1 and SIP1;2, and anti-SIP2;1 only with SIP2;1.
12) The antibodies to TIP1;1 and TIP1;2 clearly recognized only a 23-kDa protein in the crude membrane preparation of Arabidopsis plants (Fig. 3, A and  B) . Arabidopsis has three members of the TIP1 subgroup. The antigen peptide used for antibody preparation was specific to each isoform. The immunospecificity of anti-TIP1;2 antibody was also tested using recombinant radish TIP1s expressed in yeast. Anti-TIP1;2 recognized TIP1;2 but not TIP1;1.
11) The antibody to the type II H þ -PPase was also prepared in the present study, and immunospecificity was confirmed by competition assay with authentic antigen peptide (Fig. 3C) .
We prepared total membrane fractions from cells after various durations of culture and applied them to immunoblot analysis. Isoforms of the PIP and TIP subfamilies were detected at 28 and 23 kDa respectively (Fig. 4) . At the middle exponential growth phase (day 6 and day 9), PIP2;1 and PIP2;2/2;3 were scarcely accumulated, although PIP2;1 was detectable at near stationary phase (day 13). In contrast, proteins of PIP1s were detectable even on day 0 and day 9 and decreased transiently on day 6. The level of TIP1;1 decreased slightly. SIPs decreased slightly on day 13. Interestingly, PIP and TIP isoforms were highly accumulated on day 19, while SIPs had disappeared at this stage. Proton pumps were examined as internal controls. Vacuolar H þ -PPase (V-PPase) and vacuolar H þ -ATPase subunit-a (VHA-a) were kept at even levels during cultivation. On the other hand, the level of the plasma membrane H þ -ATPase isoform (AHA) increased gradually and then disappeared on day 19. The type II H þ -PPase, which has been reported to be localized in the Golgi membrane, 26) had also disappeared at the late stage. 
Suspension cells have low aquaporin content and low water permeability
The suspension-cultured cells showed a water balance clearly different from that in the plant tissues. Figure 5A shows the immunoblots of crude membrane fractions prepared from plant tissues and cultured cells on day 9 and day 19. Cultured cells on day 19 showed high levels of aquaporin proteins (Fig. 4) , but the contents of PIPs and TIPs were negligible compared with the leaves and stems of Arabidopsis plants. On the other hand, the levels of V-PPase and the subunits a, c, and A of VATPase in the cultured cells and the plant tissues were comparable (Fig. 5A) . Judging from the intensity of the immunostained bands, the protein amounts of PIPs and TIPs in the crude membrane fractions from cultured cells were less than 1% of that in the fraction from rosette leaves. We also examined cells from calli cultured in conical flasks. Callus cells were exposed to air. PIP2;1 protein was slightly detected but the other PIPs and TIPs were not detected (Fig. 5B) . A silverstained gel of SDS-PAGE also indicated the low contents of aquaporins in the cultured cells (Fig. 5C ). There was no clear band at around 23 kDa (TIPs) or 28 kDa (PIPs) in the crude membranes prepared from cultured cells or callus.
Since we found that the cultured cells have a small amount of aquaporins, we determined the water permeability of protoplasts of the cells. As shown in Fig. 6 , the protoplasts from leaves were enlarged by 150% within 140 s in the hypotonic medium. In contrast, protoplasts from cells on day 9 showed no change in cell volume under the same conditions, indicating no water transport. We could not obtain protoplasts from cells on day 19 due to their thick cell walls.
Changes in aquaporin levels in response to osmotic and salt stresses
Protein levels of the PIP and TIP isoforms in cultured cells were extremely low under normal growth conditions, so we examined the aquaporin levels in response to treatment with 100 mM NaCl or 15% polyethyleneglycol (PEG) for several hours. PEG causes osmotic stress, because the reagent is not transported across plant membranes. As shown in Fig. 7 , the amounts of a few aquaporins, such as PIP2;1 and TIP1;1, were changed by the change from the treatment to a new culture medium without salt or PEG. This might be due to the short exposure to air or to dilution of cells. The levels of PIP2;1 and TIP1;1 increased two-and three-fold within 6 h in 100 mM NaCl as compared with the control condition. Although the basal levels of PIP2;2/2;3 and TIP1;2 were extremely low (Fig. 4) , their levels increased markedly under salt stress (Fig. 7, C and E) . In contrast, the salt treatment had no effect on the levels of either the PIP1 members or the subunit-a of V-ATPase (VHA-a) or V-PPase. The protein level of plasma membrane H þ -ATPase (AHA) increased under the same condition, as reported for Arabidopsis plants. 27) Treatment with PEG did not change the protein levels of aquaporins or proton pumps, except for TIP1;2. These results indicate that the effect of NaCl on PIP2;1 and TIP1;1, and AHA is not caused by osmotic stresses.
Discussion
In this study, we examined the accumulation levels of aquaporins in suspension-cultured Arabidopsis cells, which are thought to be homogenous in physiological properties and sensitive to environmental stresses. In a previous study, we found that profiles of aquaporin mRNA are not always the same as those of the aquaporin proteins accumulated in plasma and vacuolar membranes of radish plants. 20, 28) Hence, we focused on the protein levels of aquaporins in cultured cells during cultivation and under stress conditions. One of the Cells subcultured for 7 d were transferred to JPL medium containing 15% PEG or 100 mM NaCl and sampled at the indicated periods. Crude membrane fractions were prepared from sampled cells, and 10 mg of protein were applied to western blotting analysis. The staining intensity of aquaporins and proton pumps was measured and quantified densitometrically. Levels are shown as the relative to the original level at time zero.
interesting findings of the study is that the expression levels of aquaporin isoforms were much lower in cultured cells than in plant tissues (Fig. 5) . SDS-PAGE and immunoblot analysis also revealed extremely low levels of aquaporins in growing cells in the suspension culture compared with the plant tissues.
PIPs and TIPs are the major proteins in plasma and vacuolar membranes respectively in land plants. TIP proteins account for about 40% of the radish vacuolar membrane on the basis of protein amounts. 29) Several PIP isoforms have been reported to accumulate in a cellspecific manner. 3, 4, 21) Leaf mesophyll cells, surrounded by intercellular air space, possibly have effective water channel activity in the plasma membranes for active water flow between neighboring cells. 30) Aquaporins of xylem parenchyma cells might also be involved in maintaining the transpiration stream by increasing the hydraulic conductivity of the tissue. 31) Suspensioncultured cells are immersed in water medium and are free of drought stress. They probably do not require rapid water transport across the plasma membrane and would benefit from lack of water permeability. That is, if the water permeability at the plasma membrane were high, the cells would swell and then rupture under hypotonic conditions and shrink under hypertonic conditions.
Here we should consider that suspension-cultured cells highly accumulated the PIP and TIP members after 19 days in culture. At this stage, the cells were enlarged and the central vacuoles occupied almost the entire cell space (Fig. 2D) . Most of the organelles were digested in the central vacuole by autophagy, resulting in cell death in many cells under nutrient-deficient conditions. Although we have no evidence of a direct connection between high accumulation of aquaporins and cell enlargement, it is clear that sudden accumulation of PIPs and TIPs is related to cell death.
Several aquaporins in plant tissue are constitutively expressed, but the others are expressed in response to environmental factors such as drought, 32) salinity, hormones, 33) and blue light. 34) In this study, we found that aquaporin levels varied with the stage of cell growth and stress conditions. The observation that PIP2;1 and PIP2;2/2;3, but not PIP1s, were responsive to salt stress is consistent with the previous report on radish plants. 28) PIP2 members have been found to possess water channel activity, while PIP1 members have little if any water channel activity. 11) TIP1s are the major water channel of vacuolar membranes. Therefore, we speculate that the PIP2 and TIP1 members detected in the cells might function to regulate the osmotic balance of suspensioncultured cells. In addition to previously known functions of aquaporins in regulating internal water conditions in plant organs in response to internal and external environmental factors, the present findings indicate that several members of PIP2 and TIP1 are important factors tightly related to cell death.
